Deviations of the aircraft trajectory and instabilities of the aircraft orientation lead to non-uniform illumination of the ground by the antenna beam and, as a result, to radiometric errors in radar images obtained with airborne synthetic aperture radars (SAR). The clutter-lock technique is commonly used to avoid the radiometric errors. However, this approach leads to strong geometric distortions in SAR images in the case of fast and significant instabilities of antenna orientation. Here we propose a multilook radiometric correction technique which can be used instead of the clutter-lock. The proposed approach has been tested by using a Ku-band airborne SAR system installed onboard a light-weight aircraft.
Introduction
Synthetic aperture radars (SAR) are capable of obtaining high-resolution radar images of ground surfaces by using a physically small antenna [1] . The radar is mounted onboard a moving platform such as an aircraft or a satellite. Due to the platform motion, the radar transmits and receives radar pulses at different positions on the trajectory. By coherent processing of the collected radar data, a synthetic aperture with a very narrow beam is formed thus providing the high azimuth (crossrange) resolution. The high range resolution is achieved by using a common pulse compression technique, for example, by transmitting pulses with linear frequency modulation. The direction of the synthetic aperture beam (the synthetic beam) is fully controlled by the SAR data processing algorithm. Usually, the synthetic beam is formed to be in the elevation plane of the real antenna beam. In other words, the synthetic beam is pointed at the central line of the ground spot illuminated by the real antenna. If the real antenna beam is wide enough, then several independent synthetic beams can be built within the main lobe of the real antenna pattern. This technique is known as multi-look processing [1] . Each synthetic beam forms an independent radar image of the same ground scene called "SAR look". The non-coherent averaging of the SAR looks into one multi-look SAR image is used to suppress speckle noise.
Difficulties in data processing for airborne SAR systems come from the platform motion errors [2] . Most of SAR processing algorithms imply the straight-line aircraft motion with constant altitude, velocity and orientation. Deviations of the aircraft trajectory from a straight line and instabilities of the aircraft orientation, if not being properly compensated, lead to defocusing of SAR images as well as to geometric distortions and radiometric (brightness) errors in SAR images.
Assume that the problem of compensation of phase errors and range migration errors caused by trajectory deviations is solved. We expect that the SAR processing algorithm is capable of producing well-focused SAR images based on the real flight trajectory measured by the SAR navigation system. In this paper, we will consider the problem of correction of radiometric errors which arise in SAR images because of instabilities of the real antenna beam orientation or, in other words, because of non-uniform illumination of the ground scene by the real antenna beam. The problem of radiometric errors is illustrated in Figs. 1(a) and 1(b) . Without orientation errors, the synthetic beam of the central look is directed to the center of the real antenna beam, and all SAR look beams are within the main lobe of the real antenna pattern, as shown in Fig. 1(a) . Antenna orientation errors lead to the case when some of the SAR beams are directed outside the real antenna beam to non-illuminated ground areas, as shown in Fig. 1(b) , resulting in radiometric errors.
The clutter-lock technique [3] is usually used to avoid radiometric errors in SAR images. Following this technique, the synthetic beams are built adaptively to be directed according to the variations of the real antenna beam orientation as shown in Fig. 1(c) . In order to do this, the mean Doppler frequency (the Doppler centroid), which is used to set the synthetic beam direction, is estimated from the received radar data. As a result, the Doppler frequency of the matched filter of the synthetic beam is locked to the Doppler frequency to the clutter signal, and the direction of the synthetic beam is locked to the direction of the real antenna beam.
However, the synthetic beam orientation variations due to the clutter-lock naturally lead to geometric distortions in SAR images. The problem of geometric distortions is vital for SAR systems installed onboard light-weight aircrafts because of rough motion of such platforms [4] . The clutter lock technique is effective if the antenna beam orientation variations are slow in time. In this case, the geometric distortions can be corrected by resampling of the obtained SAR images to the correct rectangular grid on the ground plane. If orientation instabilities are fast and significant, the clutter-lock leads to strong geometric distortions in SAR images which cannot be easily corrected by resampling.
In this paper, we propose a multi-look radiometric correction technique which can be used instead of the clutter-lock. The idea of the approach is to form an extended number of looks to cover directions beyond the main lobe of the real antenna pattern as illustrated in Fig. 1(d) . In such an approach, some of the SAR look beams are always presented within the real antenna beam despite of orientation errors. Now we describe how to combine these extended SAR looks to produce the multi-look SAR image without radiometric errors. The proposed method of a radiometric error correction does not require accurate measurements of the real antenna beam orientation variations. Suffice it to know the average antenna beam orientation for the whole data frame used to produce a SAR image with the accuracy to half the antenna beam width.
The proposed approach has been successfully tested by using a Ku-band airborne SAR system [5] developed and manufactured at the Institute of Radio Astronomy of the National Academy of Sciences of Ukraine. Preliminary results have been presented at conferences [6, 7] . In this paper, the method is described in details.
Fig. 1. Multi-look processing without antenna orientation errors (a) and with orientation errors: without clutterlock (b), with clutter-lock (c), with extended number of looks (d)

Mathematical Model of Radiometric Errors
Let us denote the error-free SAR image to be reconstructed as ( , ), I x y where ( , ) x y are the ground coordinates of the image pixels. This image is not corrupted by speckle noise and not distorted by radiometric errors. The obtained SAR look images ( , , ) L I n x y ( L n being the index of the SAR looks) are corrupted by speckle noise ( , , ) L S n x y and distorted by radiometric errors 0 ( , , ) 1
The speckle noise in a single-look SAR image is a multiplicative noise [1] with the exponential probability density function with the mean and variance, correspondingly,
The speckle noise is uncorrelated for all SAR looks as indicated by the SAR look index . In order to compensate the radiometric errors we should measure them first. For this purpose we use a low-pass filter F to measure the local brightness of the SAR images. This filter is designed to pass the radiometric errors,
and at the same time, to suppress the speckle noise (2) to some extent:
According to assumptions (3) and (4), the application of this filter to the SAR look image (1) gives approximately:
Here ( , )
LF I x y is the low-frequency component of the error-free SAR image to be reconstructed. The low-frequency components of the SAR looks ( , , ) LF L I n x y (5) contain information about the radiometric errors and are almost not corrupted by speckle noise. These images can be used to compare radiometric errors on different SAR looks and, though such comparison, to estimate and compensate the radiometric errors as described in the next section.
Multi-Look Radiometric Correction
Idea of the Method
The idea of radiometric correction by multi-look processing with the extended number of looks is based on the fact that the synthetic beam of one of many looks is pointed very close to the center of the real antenna beam. This look demonstrates the maximum power (brightness) among all looks, and this power is not distorted by radiometric errors. The mathematical description is as follows.
For every point of the scene we may find the brightest pixel among all SAR looks:
By substituting (5) into (6) we obtain
These brightness values are obtained with the synthetic beams that are directed very close to the center of the real beam. Therefore they are not distorted by the radiometric errors:
This means that the image ( , )
max LF I x y (7) gives the estimate of the low-frequency component of the error-free SAR image to be reconstructed:
.
This image can be used as the reference to estimate radiometric error functions for all SAR looks. From (5) and (9) we obtain
By using the estimated radiometric error functions we may correct radiometric errors for all SAR looks before combining them into the multi-look SAR image. 
Implementation of the Method
This sequence is kept in the ascending order with respect to the brightness:
After processing of all the extended SAR looks, the brightest composite look is the one with the index . N is sufficiently large (e.g. greater than 9), we may improve the estimate (9) by averaging several brightest composite looks (e.g. 3 looks) to suppress the residual speckle noise which have leaked though the low-pass filter:
The radiometric errors are corrected according to (10) as follows:
Finally, applying the above radiometric correction, we may build the multi-look SAR image as
The main steps of the described algorithm are shown in Fig. 2. 
Some Practical Considerations
We may use the Doppler centroid values estimated from the backscattered radar signal to prevent the synthesis of those SAR look beams which are obviously directed beyond the real antenna beam at the moment. This allows to reduce the computation burden. It is especially important when the variations of the real antenna beam orientation are larger than the antenna beam width, and we have to increase the number of the SAR looks considerably, although just a few of the extended SAR looks are illuminated simultaneously.
To improve the signal-to-noise ratio in the final multi-look SAR image, we should not sum up those SAR looks which are illuminated less than, for example, -10 dB with respect to the maximum illumination. Such poorly-illuminated SAR looks may introduce significant additional receiver noise to the final image. Actually, this threshold limits the possible number I n x y (5) can be obtained by using a simple smoothing filter, but excluding from averaging all bright points representing artificial objects. The radar cross section of artificial targets may demonstrate significant variations from one look to another hampering the correct choice of the best illuminated looks. If the navigation system is capable of measuring accurately the fast variations of the real antenna beam orientation, and if we know the real antenna pattern, then we may calculate the radiometric error functions (10) directly from the relative orientation of the synthetic beam and the real antenna beam. This approach is more rigorous and accurate than the above-described empirical one with the image brightness estimation. Nevertheless, with this approach we still have to build the extended number of SAR looks, select the best parts of SAR images among all looks and form the composite looks for multi-look processing (11).
Experimental Results
The proposed method of a multi-look radiometric correction has been tested experimentally by using an airborne SAR system [5] installed onboard an Antonov AN-2 aircraft. Characteristics of the SAR system are listed in Table 1 . The SAR system operates at the wavelength around 2 cm. The real antenna beam width is about 1° in azimuth and 40° in elevation. The slant range resolution is 3 m. For the same azimuth resolution of 3 m, SAR images can be built of 9 half-overlapping SAR looks under stable flight conditions. Light-weight aircraft platforms -such as the AN-2 aircraft -suffer from significant trajectory deviations and orientation instabilities. The influence of motion errors is illustrated in Fig. 3 , where you can see the coordinate grid in the radar coordinates "slant range -azimuth" projected into the ground plane. The horizontal curves are the curves of the constant slant range from the aircraft. They are curved because of deviations of the trajectory from the straight line. The vertical lines are the central lines of the antenna footprint (the Doppler centroid lines) for the consequent aircraft positions along the trajectory. As is seen, these central lines are non-equidistant and non-parallel because of variations of the antenna orientation.
Fig. 2. Main steps of the multi-look radiometric correction algorithm
If the clutter lock technique is applied, then the ground scene is sampled on the above-described radar coordinate grid, which is non-uniform with respect to the ground coordinate system. As a result, geometric distortions will appear in the SAR image as illustrated in Fig. 4 . The geometric errors in this single-look SAR image built by using the clutter lock are evidently represented by the curved forest shelter belts between the fields in the top-left corner of the image and the curved road in the bottom-right corner of the image. The size of the scene in the SAR images is about 1.5 km in range (the vertical bottom-top direction) and about 2 km in azimuth (the horizontal leftright direction). The resolution in range and in azimuth is 3 m.
If we do not use the clutter-lock and if we do build the multi-look image as usual by using 9 central SAR looks, we will observe severe radiometric errors in the SAR image as shown in Fig. 5 . Note, however, that the above-described geometric errors have disappeared from this SAR image.
The SAR image in Fig. 6 was built without the clutter-lock by simple averaging of all the extended SAR looks. The image demonstrates good geometric accuracy. You may compare now the topright corners of the images in Figs. 4 and 6 . You can see how the antenna beam movement "forward-backward-forward" distorts the shape of the forest area in Fig. 4 as compared to its correct shape in Fig. 6 .
The radiometric errors are still present in the SAR image in Fig. 6 . You can see dark and light strips in the image caused by non-uniform illumination of the scene. The dark areas were illuminated for shorter time, the SAR image was present only on a few SAR looks, the real antenna footprint quickly moved to the neighbor areas of the scene. The light areas were illuminated for longer The SAR image shown in Fig. 7 was built without clutter lock by using the proposed method of multi-look radiometric correction with the extended number of looks. The image was formed of 5 composite SAR looks. One can see that the radiometric errors have been corrected.
The proposed method of multi-look radiometric correction has been successfully applied in conjunction with the the two SAR processing algorithms: 1) the algorithm with the built-in geo- [6, 8] , and 2) the well-known range-Doppler algorithm [7] . It will be observed here that these SAR processing algorithms cannot be combined with the clutter-lock technique.
Conclusions
The proposed method of multi-look radiometric correction is an effective alternative to the clutterlock technique. The method can be used with the SAR processing algorithms that cannot be combined with the clutter-lock. The proposed method also allows correcting the radiometric errors in SAR images if the accurate orientation of antenna is unknown. The obtained experimental results have demonstrated that the method is capable of producing multi-look SAR images without geometric and radiometric errors under unstable flight conditions.
